ABSTRACT Pulmonary autograft valve replacement has been simulated by implanting the pulmonary valve into the aortic position of the same cadaver heart from both human and porcine sources. The forces acting on the pulmonary valve leaflets have been calculated on the basis of a triaxial ellipsoid mathematical model. These forces on the pulmonary autograft valve were shown to be essentially similar to those previously reported for aortic valve leaflets. 
Aortic valve replacement with an autograft pulmonary valve was first described by Ross.' In this procedure for isolated aortic valve disease the damaged valve in the systemic circulation was replaced with an autologous, living pulmonary valve and the lowpressure pulmonary circulation then received a homograft or xenograft valve. The advantages of the pulmonary autograft valve are that it is viable, autogenous, sterile, and implanted without any modifications, so retaining its natural design and function. 2 Autograft valves combine all the advantages of homograft valves without the inevitability of degeneration and subsequent incompetence. The lack of degenerative changes has been seen in pulmonary autograft valves removed for technical reasons.
The procedure was introduced primarily for children and adolescents, in whom the growth potential of the pulmonary autograft might be realised; but its value has also been confirmed in adults. The original insertion technique' was The technique for autograft implantation was simulated by enclosing the pulmonary artery root within the aortic root from the same heart, two rows of continuous 3/0 Mersilene being used. The valve leaflets were marked with 5/0 multifilament steel sutures at the commissures, the corpora Aurantii, and the lowest point of the leaflet attachment.
The breaking strain of pulmonary valve leaflets was measured with an FClc testing machine (VEB Messgerate, Leipzig). Rectangular strips were cut from the leaflet in both circumferential and radial directions. The minimum width of the strip was 5 mm and the thickness varied from 0 10 to 0 50 mm. Tensile strengths were calculated from the breaking strains per unit area. Circumferential distension is effectively a parallel force, and is designated NE, and radial distension is a meridional force, designated N(D. This notation was used also in the calculation of the forces acting on the leaflet. These calculations used a simplified mathematical model of the valve in which a triaxial ellipsoid corresponds to the shape of the leaflet. This model is derived from radiographic features of the simulated autograft at different pressures and from direct measurements of the aortic root.
Each leaflet is assumed to be part of the envelope of the triaxial ellipsoid and boundary conditions resulting from any discontinuity of the envelope are ignored, so that the existence of the free margin of each leaflet is neglected. The anisotropy and the distensibility of the elements of the valve are included in the calculations by application of the theory of thin-walled membranes, but the bending forces are excluded since the studies all relate to the diastolic phase of the valve cycle. The forces that operate in the envelope of a triaxial ellipsoid may be considered in three planes: AB, the plane of the leaflet attachment; AC, the sagittal section of the leaflet; and BC, along the free margin of the leaflet (fig 2) .
'Ihe forces acting on the valve resulting from meridional and circumferential distension were calculated on the basis of the theory of figural deformation according to the hypothesis of Huber.7 Details of the mathematical model have been fully described elsewhere.689
Results
The distensibility, in terms of the increase in diameter, for aortic and pulmonary valve roots is shown in figure 3 . It is clear that, while the pulmonary valve at the level of the commissures (upper diameter) is considerably more distensible than is the aortic valve, the pulmonary valve ring is less distensible than is the aortic ring. When the pulmonary valve is examined as a simulated autograft within the aortic root, however, the greater distensibility is effectively contained and there is a noticeable cut-off in distensibility of the simulated autograft valve above pressures of 30 mm Hg (fig 4) . The constrained distensibility of a simulated autograft valve results in an increase in the area of coaptation of the valve. Derived values for the forces acting on four sectors in three planes of the triaxial ellipsoid of the simulated autograft valves are presented in table 1. These forces have been calculated for both circumferential (NE) and radial (N() distensions and their values and distribution are very similar to those previously reported for the aortic valve. '0 Although the breaking strain for the aortic and pulmonary valve leaflets was roughly the same (table 2), the thinner pulmonary valve leaflets had a greater tensile strength (table 3) . The human pulmonary valve leaflets were 2*6 times stronger than those of the aortic valve, and for the porcine hearts the ratio was 3*6:1.
Discussion
The relative rigidity of the pulmonary artery root at pressures above 30 mm Hg is shown in figure 3 as the "lower diameter" values. This non-distensibility must be a major factor in maintaining the competence of the pulmonary valve in pulmonary hypertension.
The constraints imposed on the pulmonary valve in the simulated autograft cause it to assume the geometry of the aortic valve (fig 4) . The forces acting on such a simulated autograft have been shown to be the same as those acting on the aortic valve. '0 Since the forces are the same and the geometry is similar the remaining factor that can ensure the integrity of the simulated autograft is the tensile strength of the leaflets. The breaking strain of pulmonary valve leaflets was very similar to that of aortic leaflets (table 2) but the thinner pulmonary valve leaflets were almost three times stronger (table 3) .
Parallel experiments with porcine hearts have shown a similar differential in tensile strength be- The greater tensile strength of the pulmonary leaflets may depend on the pattern of fibre orientation within the pulmonary valve cusps. Electron microscopical analysis will be necessary to investigate this.
The implied structural differences in the pulmonary valve cusps, which confer a greater tensile strength, may be a consequence of the higher pulmonary artery pressures during fetal development. It is clear therefore that the pulmonary cusps in an autograft valve have a sufficient reserve of strength to withstand the abrupt onset of systemic pressures. These systemic pressures are five to seven times greater than the pulmonary artery pressures. The pulmonary autograft valve is able to tolerate these pressures from the moment of implantation. The growth potential of the viable autograft valve affords an opportunity for further adaptation to the conditions within the aortic root. The increased oxygen saturation of the systemic circulation may also influence any adaptation of the autograft valve to the systemic environment. These results show that the suitable geometry of the simulated autograft valve and the greater tensile strength of the leaflets, 
